AlO x thin films were grown on ZnO-deposited glass substrates under different conditions using magnetron sputtering. The influence of processing parameters (mainly direct-current power and oxidizing atmosphere) on the structure and optical properties were investigated. The AlO x films for all samples in this study showed the coexistence of amorphous and polycrystalline structures. The kinetics of crystal growth could influence the dominant crystal orientation. Fast-growing planes were not the most thermodynamically stable, but were kinetically controlled under the film growth condition. Oxidizing the sample in O 2 atmosphere made the AlO x film grow in random directions. The excess oxygen was chemisorbed at the interface between AlO x and ZnO. Therefore, the neighboring oxygen-oxygen distance of AlO x and that of ZnO on their closest-packed planes seriously mismatched. At high power, the particles arrived at the substrate with high kinetic energy and high rate, which led to low density due to porous structure. The transmission decreased with an increase of the pores and surface roughness of AlO x film on ZnO-deposited glass. However, the diffusion of oxygen into the grains improved transmission when the sample was oxidized in O 2 atmosphere.
I. INTRODUCTION
Aluminum oxide thin films are widely used in many mechanical, optical, and microelectronic applications because of their excellent properties 1 in terms of chemical inertness, mechanical strength and hardness, transparency, high abrasion and corrosion resistance, and insulating and optical properties. 2 The properties of thin films are, however, dependent on the processing parameters. 3 Different applications and environments demand different kinds of properties of the thin films. For optical devices, aluminum oxide is a very promising layer material 4 because of its interesting optical properties. However, there is a relationship between structure and optical property, which needs to be further investigated.
Aluminum oxide thin films have been produced by a variety of physical vapor deposition techniques 5 such as direct current (dc) reactive sputtering, 6 dual-pulsed dc magnetron sputtering, 7 dc s-gun sputtering, 8 and radio frequency (rf ) sputtering. 9 In this paper, Al thin film was deposited on ZnO-deposited glass by dc magnetron sputtering and was then oxidized to glass/ZnO/AlO x multilayer structure. The influence of processing parameters (mainly dc power and oxidizing atmosphere) on the structure and optical properties of the AlO x thin film grown on ZnO-deposited glass substrate was studied. The advantages of using glass/ZnO as substrate were described in a previous paper. 10 
II. EXPERIMENTAL
The ZnO-deposited glass and Al films were deposited by rf and dc magnetron sputtering, respectively. The targets used in this study were sintered stoichiometric ZnO (99.99% purity, л3 × 0.25 in 2 , Target Materials Inc., Columbus, OH) and metallic Al (99.999% purity, л3 × 0.25 in 2 , Target Materials Inc.). The glass substrates (Corning 1737F, Elecmat, CA) were ultrasonically cleaned in acetone, rinsed in deionized water, and subsequently dried in flowing nitrogen gas before deposition.
The sputtering was performed in Ar atmosphere with a target-to-substrate distance of 5 cm. A cryopump coupled with a rotary pump was used to achieve 1 × 10 −6 torr pressure before introducing argon gas (99.9995%, Lien Hwa Gas Co., Hsin Chu, Taiwan). The substrate temperature was measured using a thermocouple gauge and a hot-cathode gauge. A ZnO layer was deposited on a glass and acted as substrate in this work. For the ZnO layer deposition, the glass was heated to 50°C, and the chamber was backfilled with Ar with a working pressure of 6 × 10 −3 torr. A typical rf power was maintained at 200 W. The thickness of ZnO film was 300 nm.
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On the ZnO-deposited glass, the Al film was deposited to a thickness of 60 nm. Then, the Al film on ZnOdeposited glass was moved to a quartz furnace to be oxidized in air or O 2 . The oxidizing temperature and time were maintained at 500°C and 4 h, respectively, which was the same for all samples. Table I lists all the sputtering conditions of ZnO-deposited glass and AlO x films.
X-ray diffraction (XRD; Rigaku D/MAX2500, Tokyo, Japan) was used to study the crystallinity and the crystal orientation of the films. The microstructures of AlO x film grown on ZnO-deposited glass were observed by transmission electron microscopy (TEM; Hitachi Model HF-2000 field-emission transmission electron microscope, Tokyo, Japan) and selected-area diffraction (SAD) patterns. Energy-dispersive spectroscopy (EDS) was used to study the atomic composition of AlO x film grown on ZnO-deposited glass. The surface morphology of AlO x film grown on ZnO-deposited glass was examined by atomic force microscopy (AFM; Digital Instruments Inc., NanoScope E, Elecmat, CA). The optical transmission spectra of films in the ultraviolet-visible-infrared (UVvis-IR) region were recorded by an UV spectrophotometer (HP8452A diode array spectrophotometer, Hewlett Packard, Palo Alto, CA). The film thickness was measured using a surface profiler (Alpha-Step 500, TENCOR, Santa Clara, CA) and field-emission scanning electron microscopy (XL-40FEG field-emission scanning electron microscope, Philips, Eindhoven, The Netherlands).
III. RESULTS AND DISCUSSION

A. Structural studies
Figures 1(a), 1(b), and 1(c) show the x-ray diffraction patterns recorded from samples A, B, and C, respectively. By comparing the diffraction patterns of all samples with the standard Al 2 O 3 spectrum (JCPDS 88-0107), 11 it is found that the second-strongest peak (132) disappeared and the strongest peak (122) remained. This suggests a strong (122) preferential orientation in the AlO x film due to ZnO deposition, which was described in detail in a previous paper. 10 Besides, the structures of AlO x films grown on ZnO-deposited glass under the conditions listed in Table I The total energy in films deposited on a substrate was the sum of three components: (i) surface energy of the film, (ii) film-substrate interface energy, and (iii) strain energy in the film.
12,13 The total energy was minimized for the growth of all films.
14 However, the minimizations of surface energy, interfacial energy, and strain energy did not necessarily favor the same orientation. Therefore, one could expect different orientations depending on whether surface, interface, or strain energy minimization was the dominant factor. The kinetics of crystal growth could also influence the crystal orientation. Fast-growing planes were not the most thermodynamically stable, but were kinetically controlled under the film growth condition. 14 The Al film of sample B was deposited with the dc power of 40 W, which was lower than that of sample A. At low target power, the kinetic energies of particles were low. When the particles arrived in the substrate with lower kinetic energy, lower strain was introduced in the films.
14 Therefore, Al 2 O 3 (122) peak intensity of sample B is higher than that of sample A.
Compared with sample B in Fig. 1 According to the kinetics of crystal growth, 15-17 the growing faces of a crystal are parts of the free surface of the film. These crystal faces correspond to the equilibrium crystal shape and are determined by the orientation of the crystal. A growth competition can start among the neighboring crystals in case of different orientation according to the types of their growing faces (i.e., to their orientation). The faster-growing crystals will grow over the slower-growing ones. This competition is terminated when only crystals exhibiting the same type of crystal faces proceed to the free surface. This competitive crystal growth represents an orientation selection among the crystals, which results in the competitive growth texture. 18 On the ZnO interlayer, the nuclei are randomly oriented and the textures are evolutionary textures due to selection mechanisms. This selection can be related either to the competitive growth of crystals (due to the different growth rates in various crystallographic directions or to the crystal-face-dependent segregation of inhibitors) or to the abnormal grain growth controlled by the minimum of the surface and interface energy. 18 The complete coalescence of the contacting crystals is a periodic process during the film growth, and beside the increase of grain size, it results also in the changes of crystal orientations due to lowering the free energy of the developing crystals. A small-grained structure (corresponding mainly to the nucleation density) of random orientation exists in the ZnO interlayer-near part of the AlO x film. This is a restructuring process related to the lowest interface energy. 18 When the AlO x film becomes continuous, most of the crystals forming the polycrystalline structure have already participated in a series of complete coalescence during the preceding growth stages. This means that their orientation is already in or near to a preferred orientation corresponding to the minimum of interface and surface energy. 18 Hence, the coexistence of (122) texture of AlO x and the random orientation of ZnO was observed.
For sample C, the excess oxygen was probably chemisorbed on the grain boundaries of crystallites just as the oxygen was chemisorbed on the interface between AlO x and ZnO. 19 Zhang et al., 19 Sproul et al., 20 and Bender et al. 21 studied the influence of oxygen atmosphere on the optical properties of ZnO films, aluminum oxide films, and indium tin oxide films, respectively. They reported that excess oxygen could be trapped in the interfaces between microcrystallites and improve optical transmission. (The higher optical transmission of sample C is found in Fig. 6 , which is in agreement with their results.) Owing to the random orientation in Al 2 O 3 film (sample C), the serious lattice mismatch between averaged neighboring oxygen-oxygen distance in AlO x and that in ZnO on the closest-packed planes has resulted in a decrease in the Al 2 O 3 (122) peak intensity compared with sample B.
10 Similar results were reported by Yoon et al., 22 Sagalowicz et al., 23 and Sun et al. 24 Table II shows the full width at half-maximum (FWHM) of XRD (122) peaks in all AlO x films grown on ZnO-deposited glasses (sample A, sample B, and sample C). The grain sizes of various films were calculated using the Scherrer formula: Table III shows the analysis of EDS obtained from the TEM study of the AlO x films on ZnO-deposited glass. It was observed that the Al content of AlO x film for sample A was higher than that for sample B. This was probably because more Al atoms were bumped from the Al target at high target power. 3 The bonding condition of aluminum was investigated by x-ray photoelectron spectroscopy (XPS) spectra. The major peak of aluminum at 74.3 eV was thought to be due to Al in aluminum oxide. 26 No shoulder peak could be observed, indicating no interstitial Al atoms existing in the lattice of AlO x crystallites. 27 According to the x-ray diffraction patterns of samples A-C [ Figs. 1(a)-1(c) ], the (122) diffraction peaks of Al 2 O 3 all appeared at 34.72°. In comparison, there was no obvious shift of XRD peak. It suggested that there was little possibility for the interstitial Al atoms in the lattice of AlO x crystallites. This was in agreement with the results of XPS.
By comparing with sample B, a decrease in the Al 2 O 3 (122) peak intensity for sample A may be due to the serious lattice mismatch between averaged neighboring oxygen-oxygen distance in AlO x and that in ZnO on the closest-packed planes. 10 Therefore, the extra Al in sample A was probably at the grain boundaries of crystallites just as the Al was on the interface between AlO x and ZnO. 28 Compared with sample C, sample B has less oxygen content existing in AlO x film. For sample C, the AlO x film on ZnO-deposited glass was oxidized in O 2 atmosphere. As a result, excess oxygen could be trapped in the interfaces between microcrystallites. (d JCPDS ), 11 the d m was slightly larger than d JCPDS , which suggested that the lattice of AlO x in a direction parallel to the surface of AlO x film suffered compressive stress. It was discussed in detail in a previous paper. 10 The SAD patterns of Figs. 2(a) and 2(b) correspond to the planes (122), (040), (222), and (117). The (122) rings of Figs. 2(a) and 2(b) show a small number of weak spots, indicating that only few of the crystallites had their (122) planes in the diffraction condition (i.e., nearly parallel to the electron beam 29 ), and many (122) planes of AlO x film were parallel to the surface of the substrate. Figure 2 (c) presents the ring patterns that are ascribed to the (122), (201), (221), (222), (135), and (117) planes, shaped by many strong spots. This confirms the fact that many crystallites did not have their basal planes normal to the electron beam; that is, they were inclined and even random with respect to the substrate surface. 29 Besides, all patterns in Fig. 2 suggest the coexistence of amorphous and orthorhombic crystalline structures of AlO x because there is a gray region existing in the pattern besides a series of rings. Figure 3 shows the bright-field TEM micrographs of AlO x films on ZnO-deposited glass: (a) sample A, (b) sample B, and (c) sample C. The figures show the coexistence of amorphous and polycrystalline structures of AlO x , and no obvious grain boundaries were observed. This fact was congruent with the results of SAD patterns. From Fig. 3(a) , a lot of pores and heterogeneous grains in the AlO x film can be seen. The grains are composed of many small crystallites with sizes varying between 75 and 100 nm, and the grain shape is irregular. The Al film of sample A was deposited at the dc power of 80 W, which is higher than that of sample B. At high target power, the kinetic energies of particles were high. It is likely that the particles arrived at the substrate with high kinetic energy, and high rate also led to low density due to porous structure. 3 Figure 3(b) shows the microstructure of layer-like aggregates of crystallites. The grains are the aggregates of many small crystallites with sizes varying between 40 and 60 nm, and the grain shape is irregular. In Fig. 3(c) , the microstructure of irregular grains resembles that shown in Fig. 3(b) ; however, the grain sizes vary between 33 and 46 nm. In comparison, the grain size of the AlO x film for sample A was larger, but the grain size of the AlO x film for sample C was smaller than that of sample B.
Figures 4(a), 4(b), and 4(c) show the threedimensional AFM images recorded from the AlO x films of samples A, B, and C, respectively. The heterogeneous grains with columnar structures can be observed in Fig. 4(a) . However, the surface morphology of AlO AlO x film for sample C was relatively low. It indicated that the enhancement in adatom mobility for the AlO x film of sample C reduced the surface roughness. 3, 30 Koski et al. 3 and Wang et al. 30 reported that the collisions of these particles with the growing film could smooth the thin film by surface diffusion mechanism and enhanced surface atom mobility. Because the probability of collisions of particles increased with increasing oxygen atmosphere, it is probably why sample C had more adatom mobility and the relatively low surface roughness. The surface roughness of AlO x film for sample A was obviously high, which suggested that more light could be scattered and, therefore, showed the low transmittance in the visible region. Figure 5 shows the optical absorption of all samples. To compare sample A with sample B, the absorption edge of sample B was observed at a shorter wavelength range than that of sample A. The shift may be attributed to the difference in crystallite size. 32 The of sample B contained relatively small crystallites and showed the blue-shift. Figure 6 shows the UV-vis-IR transmission spectra of all samples. The difference in transmission among the films was related to the difference in the grain size, surface roughness, and number of pores. 32 The transmission would decrease obviously with the increase of the pores and surface roughness. The AlO x film of sample A had larger grain size, more pores, and higher surface roughness, and corresponded to the low transmission.
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B. Optical properties
A blue-shift and higher transmission found for sample C is comparable with sample B. For the AlO x film of sample C, the diffusion of oxygen into the grains improved the transmission. 33, 34 The light-absorbing defects were removed by the grain-growth process. Therefore, the reduction in absorption was probably due to the reduced grain size. 35 The AlO x film of sample C had smaller grain size and, therefore, showed a blue-shift. Besides, the lower surface roughness of AlO x film would also be attributed to the higher transmission for sample C.
IV. CONCLUSIONS
The TEM micrographs and SAD patterns all show the coexistence of amorphous and polycrystalline structures of AlO x for all samples. The different orientations depended on whether surface, interface, or strain energy minimization was the dominant factor. The kinetics of crystal growth could also influence the crystal orientation. For AlO x thin films grown on ZnO-deposited glass substrate, the kinetic energies of particles were high at high target power. It is likely that the particles arrived at the substrate with high kinetic energy; the high rate also leading to low density due to the porous structure of the film. The transmission would decrease with the increase of the pores and surface roughness of AlO x thin films on ZnO-deposited glass.
When the sample was oxidized in O 2 atmosphere, AlO x grew in random directions. The excess oxygen was chemisorbed on the interface between AlO x and ZnO. The averaged neighboring oxygen-oxygen distances of AlO x and that of ZnO on their closest-packed planes seriously mismatch. However, the diffusion of oxygen into the grains improved the transmission. The lightabsorbing defects were removed by the grain-growth process. Therefore, the reduction in absorption was probably due to the reduced grain size.
